Antimicrobial peptides (AMPs) seem to be promising alternatives to common antibiotics, which are facing increasing bacterial resistance. Among them are the cysteine-stabilized ␣␤ defensins. These peptides are small, with a length ranging from 34 to 54 amino acid residues, cysteine-rich and extremely stable, normally composed of an ␣-helix and three ␤-strands stabilized by three or four disulfide bonds and commonly found in several organisms. Moreover, animal and plant CS␣␤ defensins present different specificities, the first being mainly active against bacteria and the second against fungi. The role of the CS␣␤-motif remains unknown, but a common antibacterial mechanism of action, based on the inhibition of the cell-wall formation, has already been observed in some fungal and invertebrate defensins. In this context, the present work aims to group the data about CS␣␤ defensins, highlighting their evolution, conservation, structural characteristics, antibacterial activity and biotechnological perspectives.
Introduction
Throughout their evolution process, different organisms have developed the capability of establishing multiple defense strategies against pathogen attack, including adaptive and innate immune defense mechanisms [38] . Innate response includes recognition of the pathogen and the production of defense molecules, such as antimicrobial peptides (AMPs), antimicrobial enzymes and plasma proteins of the complement system [39] . AMPs are encoded by multigene families, which can have constitutive or induced expression [3] . These peptides are found in many organisms and represent an efficient defense mechanism against pathogens, due to their rapid synthesis after infection and the attack that they usually produce on the surface membrane of invading microorganisms [49, 75, 105] . AMPs are usually comprised of amphiphilic helices, which facilitate bacterial membrane disruption [105] . In addition, these peptides can be classified into several groups according to their molecular masses, activities, charges and tridimensional structures, comprising well-known groups of molecules such as defensins, peptidase inhibitors, cyclotides, ribosome inactivating proteins (RIPs), PR-1 proteins and lipid transfer proteins (LTPs), among others [34] . AMPs have been considered promising drugs due to their broad range of activity, low toxicity and lower likelihood of developing resistance in target cells [78] . In addition, AMPs accumulate several factors that favor their broad specificity on different targets, including small size, which facilitates their wide dissemination, and a usually cationic charge, which acts in the AMPs' specific attraction to the anionic microbial membranes and not to the zwitterionic (neutral) membranes, such as the mammalian ones [7, 78] . AMPs are usually amphipathic in order to favor their attachment to the target pathogen's membranes [21] .
The usual mechanism of action of AMPs includes an initial peptide attraction followed by attachment and insertion onto the microbial membranes. Different models have been proposed for AMP permeabilization of the microbial membrane, such as peptide helix aggregation and its insertion in the membrane, forming peptide-lined or peptide-and-lipid-lined pores; membrane disintegration by membrane solubilization in micellar structures; membrane bilayer decreasing thickness; membrane remodeling, with its lipids surrounding the AMPs; and efflux mediated by association with small anions in the membrane [7, 70] . Alternatively to membrane disruption and pore formation, AMPs can also be involved in several intracellular processes, targeting DNA, RNA and proteins, inhibiting their synthesis and also the activity of some specific enzymes [7] .
One of the most well studied groups of AMPs includes the defensins. These peptides are small highly stable cysteine-rich antimicrobial peptides, which are present in various multicellular organisms, including fungi, plants and animals. Defensins and defensin-like peptides are recognized as involved in the host's defense against bacteria [88] , fungi [57, 87] and viruses [19, 56, 112] and also acting in the plant's tolerance response to abiotic stresses [46, 66, 92] .
The antimicrobial mechanisms of action in defensins can include an initial attack on the microbial membranes by, among others, pore formation and depolarization [44] and blocking of ion channels [94, 108] . Moreover, defensins can also affect the microbial intracellular processes, such as inhibiting protein synthesis [65] and the activities of ␣-amylases [60] and proteases [106] . Alternatively, these peptides can also induce the inactivation of microbial toxins by protein unfolding [48] .
Defensins from plants and some invertebrates present a conserved structural cysteine-stabilized ␣␤ motif, which consists of a connection between an ␣-helix and a three or two-strand antiparallel ␤-sheet through two disulfide bridges, and which stabilizes the structure. This motif has been observed in a number of plants [8, 25, 26, 80] , insects [16, 53, 71] , mussels [33, 109] and fungi [67] . In contrast, the mammal defensins do not contain ␣-helices or, when these are present, they are at the N-terminal portion of these peptides [81] , which does not characterize a CS␣␤-motif. However, mammal defensins present a ␤-sheet positioning similar to that found in plant and insect defensins [6] , and they have two diverse groups (␣-and ␤-defensins) which are more diverse between them than in relation to the classic plant defensins (␤-defensins versus plant defensins) [97] . Together, these observations support the hypothesis of an ancient origin to defensins, before the divergence between animals and plants, and a high degree of conservation across the eukaryotic kingdom [97, 114] . However, besides their high structural conservation and related evolutionary history, defensins present different preferential targets and mechanisms of action in different organisms or even within a single species. CS␣␤-containing defensins from plants present a predominant activity against fungi [74, 95] , while their insect counterparts present predominant activity against bacteria [36] . These observations highlight the importance of the entire peptide composition in their activity and specificity.
In this context, this work aims to describe defensins from different sources composed of the structural CS␣␤ motif, presenting their structures and mechanisms of action, also highlighting their antibacterial activity and further biotechnological applications. Furthermore, this review lists CS␣␤-related structures from fungal, invertebrate and plant defensins, providing a reservoir of peptides with antibacterial roles and discussing their potential application in pathogen control. To our knowledge, this is the first review focusing on the similarities and dissimilarities between defensins containing a CS␣␤-motif, in particular, regarding their antibacterial activity. [67] , (b) eurocin -PDB: 2LT8 from Eurotium amstelodami [72] and (c) copsin -PDB: 2MN5 from Coprinopsis cinerea [24] . The colors in the figure represent the cysteines and disulfide bonds (yellow) and positive (Arg, Lys and His -blue) and negative (Glu and Asp -red) charged residues. The structures were visualized in PYMOL software [22] and the alignment was performed in MUSCLE software [23] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) Table 1 Fungal defensins presenting recognized antibacterial activity.
Fig. 2.
Tridimensional structure and sequence alignment of insect and mollusk defensins, presenting the insect defensins: (a) lucifensin -PDB: 2LLD from Lucilia sericata [71] , (b) defensin A -PDB: 1ICA from Phormia terranovae [16] , (c) DEF-AAA -PDB: 2NY8 from Anopheles gambiae [53] , (d) sapecin -PDB: 1L4V from Sarcophaga peregrina [35] , (e) termicin -PDB: 1MM0 from Pseudacanthotermes spiniger [18] , and (f) heliomicin -PDB: 1I2U from Heliothis virescens [51] ; and the mussel defensins: (g) MGD-1 -PDB: 1FJN from Mytilus galloprovincialis [109] and (h) Cg-Def -PDB: 2B68 from Crassostrea gigas [33] structures and the (i) insect and (j) mussel defensins sequence alignment. The colors in the figure represent the cysteines and disulfide bonds (yellow) and positive (Arg, Lys and His -blue) and negative (Glu and Asp -red) charged residues. The structures were visualized in PYMOL software [22] and the alignment was performed in MUSCLE software [23] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
Fungal defensins
Bacteria and fungi share several common environments and, consequently, they compete for several nutritional niches. Both microorganisms are involved in an antibiosis interaction, an antagonistic association mediated by secreted antimicrobial compounds, such as the fungal-expressed antibacterial penicillin [82] . Moreover, in addition to these secreted defense molecules, there are also the defensins. Plectasin, an antibacterial peptide from Pseudoplectania nigrella, a saprophytic fungus, was the first defensin isolated from a fungus. It presents a CS␣␤ motif composed of an ␣-helix and two antiparallel ␤-strands in a structure stabilized by three a Some of these defensins do not present an elucidated tridimensional structure, making it impossible to say that they present the CS␣␤-motif. b Bacteria without Gram category.
disulphide bonds (Fig. 1A ) [67] . This structure was also observed in eurocin from the fungus Eurotium amstelodami (Fig. 1B) [72] . However, a diverse structure was observed in the coprophilous basidiomycete Coprinopsis cinerea defensin, named copsin, which presents the same secondary structure combination, but is stabilized by six disulphide bonds and presents uncommon loops and terminus conformations (Fig. 1C ) [24] . These six disulfide bonds are probably involved in the high stability and resistance presented by copsin toward diverse proteases treatment [24] . Fungal defensins present activity against a broad spectrum of bacteria, including Gram-negative and Gram-positive bacteria ( Table 1 ). The already described antibacterial mechanisms of action of fungal defensins show that they do not compromise the integrity of the bacterial membrane, but act against bacterial cell-wall formation [84] . The mechanism of action of these defensins seems to be correlated with binding to the membraneanchored lipid II peptidoglycan precursor, inhibiting its synthesis and, consequently, bacteria cell-wall biosynthesis. This mechanism was already observed for the fungal plectasin [84] , oryzeasin from Aspergillus oryzea, eurocin [84] and copsin [24] .
Invertebrate defensins
In invertebrates, defensins have already been observed in arthropods and mussels [28] . In these organisms, these peptides usually present a CS␣␤ structural conformation stabilized by three or four disulfide bonds. These structural characteristics can be observed in the defensins from several insects (Fig. 2) .
Defensins from different insect species can be secreted in response to injuries or bacterial challenge in larvae [16] and adult [103] stages, being observed in their midgut and hemolymph [103] . Insect defensins present predominant activity against bacteria, although they also present action in protozoan [91] and fungi [18, 103] . The role of some defensins in vector insects seems to be correlated with a strategy for parasite population control, inhibiting hemolymph invasion by the midgut parasites [5] . One example of this is the sand fly Phlebotomus duboscqi defensin, which is induced by challenging with Leishmania major and also presents an antiparasitic activity against its promastigote forms [5] . Meanwhile, antifungal defensins seem to be correlated with defense against soil pathogens in subterranean insects [11] and in response to septic injury in other species [50] .
Notably, besides the structural similarities, the antifungal mechanisms of action from plant and insect defensins also seem to be highly similar. As an example, two defensins, the plant Raphanus sativus RsAFP2 and the insect heliomicin, interact with the same target in the fungal plasma membrane, the glucosylceramides [96] .
Similarly to the defensins from insects, a CS␣␤ motif was also observed in other invertebrate groups, such as the mollusks, including defensin 1 from Mytilus galloprovincialis (Mediterranean mussel) (MGD-1) and that from the oyster Crassostrea gigas (CgDef), which present an ␣-helix and two ␤-strands in an antiparallel ␤-sheet, with the entire molecule stabilized by four disulfide bonds ( Fig. 2G and H) [33, 109] . Due to this structural conservation and their sequence similarity, defensins from arthropods and mollusks are predicted as evolutionarily related [28] ; nevertheless, they [8] , (e) gamma 1-P thionin -PDB: 1GPS from Triticum turgidum [8] , (f) Psd1 -PDB: 1JKZ from Pisum sativum [2] , (g) VrD1 -PDB: 1TI5 [60] and (h) VrD2 -PDB: 2GL1 from Vigna radiata [59] , (i) AhPDF1 -PDB: 2M8B from Arabidopsis halleri [64] , (j) PhD1 -PDB: 1N4N from Petunia hybrida [40] , (k) dimeric conformation of NaD1 -PDB: 4AAZ from Nicotiana alata [55] and (l) the defensin-like Brazzein -PDB: 4HE7 from Pentadiplandra brazzeana [68] , (m) sequence alignment of some classic CS␣␤ defensins from plants. The colors in the figure represent the cysteines and disulfide bonds (yellow) and positive (Arg, Lys and His -blue) and negative (Glu and Asp -red) charged residues. The structures were visualized in PYMOL software [22] and the alignment was performed in MUSCLE software [23] . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) present significant variability in terms of amino acid composition and loop sizes in diverse protein regions, as it can be observed in the structures and sequence alignment shown in Fig. 2 .
Insect and mollusk defensins present activity against Gramnegative and Gram-positive bacteria (Table 2) . Some invertebrate defensins also act against bacteria resistant to conventional antibiotics. The insect lucifensin acts on both methicillin-resistant (MRSA) and methicillin-sensitive Staphylococcus aureus (MSSA) [45] .
Similar to what is seen in the fungal defensins, lipid II binding and the consequent inhibition of bacterial cell-wall formation are mechanisms of action also observed in antibacterial defensins from insects [84] and mussels [83, 84] . Moreover, insect defensins could also act in producing the partial depolarization of the microbial inner membrane due to the formation of voltage-dependent channels caused by defensin oligomerization [15] .
Plant defensins
Plant defensins are cationic peptides composed of 45-54 amino acids, including 8-10 cysteines involved in disulfide bridges [104] . The tridimensional structures of these proteins are typically composed of a CS␣␤ motif. The presence of four disulfide bonds produces a pseudo-cyclic conformation in these peptides by the connection between the N-and C-terminal regions, which confers on these peptides a highly stable conformation against chemical and thermal adverse conditions [54] (Fig. 3A-H) . Most of the previously described tridimensional structures of plant defensins present four disulfide bonds; however, the structure of the Petunia hybrida defensin 1 (PhD1) presents an additional disulfide bond (Fig. 3I) [40] . This fifth disulfide bond does not alter the conformation of this defensin in relation to other plant defensins containing four-disulfide bonds. The role of this extra bridge seems to be involved in the stability of the loop between the ␤1-strand and the ␣-helix, which is stabilized by hydrophobic interactions with the protein core in other defensins [40] .
Defensins are not exclusively observed as monomers but can also be studied in oligomer conformation. NaD1 from the ornamental tobacco Nicotiana alata (Fig. 3K) presents an alternative dimeric configuration [55, 76] . The induced reduction in the dimer structure may cause a decrease in the antifungal activity [55] . Moreover, NaD1 oligomerization was also observed in tumor cells [76] . In these cells oligomer formation is induced by the defensin binding to the plasma membrane phospholipid phosphatidylinositol 4,5-biphosphate (PIP 2 ), on the inner surface of the membrane [76] . The mechanism of action of these peptides in such cells involves membrane disruption mediated by blebs formation followed by membrane rupture, possibly involving the disruption of the cytoskeleton-membrane interactions [76] .
Furthermore, some defensin-like peptides such as brazzein, isolated from the wild African plant Pentadiplandra brazzeana (Fig. 3L) , composed of 54 amino-acid residues, also present a CS␣␤ structure stabilized by four disulfide bonds [68] . However, in contrast to the other structures, the crystal structure of this peptide presents an additional ␣-helix [68] .
Together, structural and sequence composition characteristics probably could be directly correlated to the plant's defensin activity. MtDef4 presents a translocation signal, the RGFRRR amino acid sequence in the ␥-core motif (a conserved motif, commonly composed of two antiparallel ␤-strands with a short turn between them [110] ). It seems that this signal is required for peptide internalization into fungal cells. After this process the antifungal activity occurs mediated by the interaction between MtDef4 and the fungal phospholipid phosphatidic acid (PA) [80] . Moreover, the divergent sequence composition in loop 3 of VrD1 (Fig. 3G) and VrD2 (Fig. 3H ) from Vigna radiata seems to be responsible for their differential targets [59] . Indeed, the entire charge distribution in the solvent accessible area of plant defensins seems to have an important role in the activity of these peptides [59] . Plant defensins are highly conserved in terms of cysteine composition, but they are highly variable in their primary sequence, as it can be observed by the charged residues distribution in different defensin structures and in the defensin alignment in Fig 3M. In plants, the alignment of defensins from different sources shows that they are highly variable even in their functional regions [104] , which brings the hypothesis of diverse target specificities and/or mechanisms of action for these peptides.
Plant defensins are expressed in different parts of the plants, such as seeds [8, 25] , leaves [63] , roots [37] and flowers [55, 100] , in which they seem to be related with plant immunity defense and protection against pathogens. Moreover, plant defensins can also be retained in plant intracellular compartments, such as the transGolgi network and prevacuolar compartments, being released under cell damage conditions [73] . The retention of plant defensins seems to be important to avoid deleterious effects on nonspecific targets, such as becoming toxic for the plant cells [73] .
The plant defensins' antifungal mechanism of action is a wellstudied subject, although it has not yet been very clearly elucidated. It is known that some defensins, such as Rs-AFP1, act by reducing fungal hyphae elongation and increasing hyphal branching [25] .
However, the intracellular mechanism of action of the defensins in these organisms is still uncertain, and it is suggested that some of them could interact with intracellular targets and processes, due to their cytoplasmic localization [80] . Meanwhile, insecticidal activity of plant defensins seems to be correlated with the inhibition of the insect's ␣-amylase activity, a key enzyme in the carbohydrate mechanism [60] . Finally, in contrast with the antifungal and insecticidal mechanism of action, the antibacterial activity observed in some plant defensins has been little explored as yet.
Unlike fungal and animal defensins, which have high antibacterial activity, the counterparts of these molecules in plants show activity primarily against fungi [74, 95] . Nevertheless, some plant defensins have also been observed to be acting against Grampositive and Gram-negative bacteria (Table 3) . However, differently from the antifungal and insecticidal plant defensins, antibacterial plant defensins still require much study and, specifically, their mechanism of action has not yet been completely elucidated.
Concluding remarks
The use of defensins for biotechnological purposes is still a challenging area, due to the difficulties of producing these peptides on a large scale. The purification of these peptides from their natural sources in general results in a low final concentration [101] . Furthermore, their chemical synthesis and their expression in heterologous systems faces mis-folding problems intrinsic to cysteine-rich peptides, since these peptides require specific environments and sometimes propeptide regions to assist in the correct protein folding and disulfide bond linkage [101] . The heterologous expression of AMPs also faces intracellular degradation by proteases and their negative activities against host cells [93] . Several antifungal defensins were expressed in Escherichia coli and recovered to their native form through diverse purification methods and a renaturation process [17, 58, 61] . In contrast, antibacterial defensins present a clear limitation in their expression in E. coli, due to the deleterious effect that they could produce on this host organism. However, antibacterial defensins were also expressed in E. coli, and the authors explained the non-toxicity of these defensins to this bacterial host using two hypotheses. The first is based on the vector choice, which could present low toxicity to the host cells [42] or contain a highly controlled promoter. The second includes the recognized ability of bacterial cells in capturing toxic proteins into inclusion bodies (IBs), making them insoluble and non-functional [47] . The antibacterial defensins were also produced in E. coli using a divergent method. The royalisin defensin from the royal jelly of Apis mellifera has an important estimated production potential (0.192 mg/L of cell culture) when produced in an artificial oil-body system (AOB) over-expressed in E. coli [98] . Oil bodies are plant seed organelles for intracellular lipid storage, composed of a triacylglycerol (TGA) matrix surrounded by a phospholipid (PL) monolayer and specific proteins, such as the structural oleosin [99] . These three components, TGA, PL and oleosin, have been applied in the heterologous expression of target proteins, by their fusing to oleosin [4, 79] . Success in expressing and producing a functional defensin in the AOB system could be a powerful alternative to large-scale defensin production. Alternatively, defensins have also been expressed in the methylotrophic yeast Pichia pastoris [12, 14, 111] . Functional plectasin was produced in P. pastoris with a high estimated final yield (537 g.mL −1 ), showing that this defensin could be produced on a large scale using this heterologous system [111] . This largescale production is an important challenge that needs to be met so as to allow for widespread pharmacological uses, decreasing costs and the production time of these AMPs.
Furthermore, in plants, defensins are also used in the development of transgenic plants resistant to fungal attacks [1, 31, 41, 77] .
These transgenic plants present resistance and no detrimental agronomic features under field conditions, and they provide a useful alternative for the current techniques for pathogen control based on chemical treatment [31, 32] . Moreover, tobacco plants expressing the Tephrosia villosa defensin (TvD1) gene present concomitant activity against fungi and insects [102] . These findings show that defensins applied to improving host defenses against microbial pathogens have a high prospect of success.
More than sequence and structural similarity, some defensins containing a CS␣␤ motif seem to act on bacterial pathogens in a similar way. This similarity is clear in the common mechanism of action observed in some fungal, insect and mussel defensins, which is based on the inhibition of bacterial cell-wall biosynthesis, mediated by binding to Lipid II. However, the antibacterial activity observed in some plant defensin mechanisms is still a challenge. More than this, the determinants of the variable specificity observed in these molecules still needs to be established.
